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expansion during charge (300% when fully 
lithiated).[9–13] The build-up of mechanical 
stress through expansion of the active layer 
causes a loss of electrical contact with the 
non-expanding current collector, exac-
erbating capacity fade. Nanostructuring 
can alleviate mechanical stress build-up 
through smaller particle sizes, structural 
porosity and void spaces.[9,10] Nanoparti-
cles (NPs),[14–17] nanowires (NWs),[18–25] 
and nanotubes (NTs)[26–29] are the most 
widely used morphologies, allowing for 
structural relaxation through shortened 
diffusion channels, increased porosity and 
larger surface area to volume ratios.
Cu is the optimal current collector 
for lithium-ion battery anodes, due to its 
superior electrical conductivity over stain-
less steel (SS) and other carbon-based sub-
strates. However, direct growth of Si on Cu 
yields electrochemically inactive CuSi compounds.[30–32] Alter-
natively, slurry-based Si electrodes suffer from issues of capacity 
fade as harsh expansion leads to electrical contact loss with the 
current collector.[33–35] Also, issues of capacity fade are height-
ened for thicker slurry layers, behaving similarly to bulk Si.[36,37]  
Si composites with graphite have gained huge popularity 
over recent years, synergistically combining the high lithi-
ation capacity of Si with the low cost, stability, and scalability 
of carbon.[38–42] Graphite incorporation can alleviate instability 
issues common with Si-rich electrodes.[43,44] Karuppiah et  al. 
demonstrated impressive long-term stability of slurry-based 
electrodes of Si NWs directly grown on graphite, retaining 
87% capacity after 250 cycles versus Li metal.[44] Similarly, 
Datta et  al. found that Si/graphite stability could be further 
enhanced through amorphous carbon coating, removing direct 
contact between Si and the electrolyte, and delivering a stable 
capacity of 660 mAh g−1.[45] Slurry-based composites allow for 
high achievable Si loadings while maintaining anode stability. 
However, thick slurry layers suffer from poor fast-rate perfor-
mance and inactive slurry additions negatively impact energy 
density.[46–49] The incorporation of Si into metallic or carbon-
based frameworks like Mxenes,[50,51] graphene,[52,53] CNTs,[54,55] 
and CNFs[56,57] has allowed considerable improvements in cell 
stability, although the continued presence of inactive slurry 
components increases dead weight. Directly grown electrodes 
offer a multitude of advantages over slurry-based configura-
tions, however, achieving stable performance of high loading 
binder-free Si electrodes has historically been difficult.
High loading (>1.6 mg cm−2) of Si nanowires (NWs) is achieved by seeding 
the growth from a dense array of Cu15Si4 NWs using tin seeds. A one-pot 
synthetic approach involves the direct growth of CuSi NWs on Cu foil that 
acts as a textured surface for Sn adhesion and Si NW nucleation. The high 
achievable Si NW loading is enabled by the high surface area of CuSi NWs 
and bolstered by secondary growth of Si NWs as branches from both Si 
and CuSi NW stems, forming a dense Si active layer, interconnected with 
an electrically conducting CuSi array (denoted Si/CuSi). When employed as 
Li-ion battery anodes, the Si/CuSi nest structure demonstrates impressive 
rate performance, reaching 4.1 mAh cm−2 at C/20, 3.1 mAh cm−2 at C/5, and 
0.8 mAh cm−2 at 6C. Also, Si/CuSi shows remarkable long-term stability, 
delivering a stable areal capacity of 2.2 mAh cm−2 after 300 cycles. Overall, 
complete anode fabrication is achieved within a single reaction by employing 
an inexpensive Sn powder approach.
The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202102333.
1. Introduction
Silicon (3579 mAh g−1)[1] is seen as an attractive Li-ion anode 
candidate to deliver the next wave of high energy, fast-charging 
portable electronics and electric vehicles.[2–7] To match areal 
capacities of commercial batteries, loading requirements of pure 
Si anodes lie between 1–2  mg cm−2, with corresponding areal 
capacities of 3–4 mAh cm−2.[3,8] This represents a significant 
weight saving from the 8–9 mg cm−2 (plus up to 20% additional 
ancillaries) of graphite required for similar areal capacities. 
However, several challenges have hindered the realization of 
100% Si-based commercial cells. Bulk Si has long had issues 
with particle pulverization and delamination due to large volume 
© 2021 The Authors. Small published by Wiley-VCH GmbH. This is an 
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Direct growth of nanostructured active materials has received 
attention as a means of circumventing some of these issues, 
removing the need for post-synthetic slurry treatment and 
eliminating dead weight from inactive binders and conduc-
tive additives.[22,58–65] However, the low surface areas of planar 
metal foils tend to lead to low active material loadings, typically 
≈0.2–0.4  mg cm−2 (Table S1 and Figure S1, Supporting Infor-
mation).[1,22,28,58–69] Also, the electrochemical performance of 
binder-free Si on planar substrates is often characterized by a 
gradual capacity loss over the lifetime of the cell, primarily due to 
continual loss of active material through delamination.[61,66,67,70] 
Substitution of planar substrates with 3D substrates can dually 
improve capacity retention and achievable loading, forming a 
robust contact with the Si active layer.[30,71–74] Pre-synthesis of Cu 
silicide/oxide templates can exploit the aforementioned electro-
chemical inactivity of SiCu deposits, behaving as a robust 3D 
network for high loading Si growth/deposition.[31,75–77] Aminu 
et  al. reported high loading Si NW growth on CuSi through 
the formation of an intermediate CuSi “nanofoam” framework, 
reaching stable areal capacities of 2 mAh cm−2 after 550 cycles 
versus Li metal.[30] Song et al. formed a hierarchical a-Si@CuO 
NW structure with a textured CuO NW substrate, acting as a high 
surface area template for a-Si coating, reaching a usable areal 
capacity of 3.5 mAh cm−2 with 80% retention after 800 cycles.[72]  
Similarly, Stokes et  al. exploited CuSi NW substrates for sec-
ondary a-Si deposition, with specific capacities in excess of 
2000 mAh g−1 (≈0.4 mAh cm−2) after 200 cycles, when translated 
to a full-cell configuration versus LiCoO2.[31]
Herein, 3D CuSi NW substrates are synthesized and used to 
achieve high loading Si NW growth in a single reaction, with 
areal capacities > 3 mAh cm−2 without requirements of prelimi-
nary catalyst deposition techniques or secondary PECVD pro-
cesses for amorphous Si coating. A single reaction involves the 
formation of CuSi NWs via vapor-solid-solid (VSS) synthesis 
on Cu foil, followed by vapor-liquid-solid (VLS) synthesis of 
Si NWs in high yield (denoted Si/CuSi). The incorporation of 
the catalyst seed is achieved through direct injection of a Sn 
NP-squalane suspension to the reaction vessel. This promotes 
Sn NP deposition on the CuSi surface, seeding a thick Si NW 
top layer. The grass-like CuSi NW array behaves as a 3D host 
for primary Sn seeding of Si NWs, with secondary seeding of 
smaller Si branches creating a dense thicket of active material, 
with achievable loadings far beyond planar substrates. Com-
plete anode fabrication is achieved within this one-pot reac-
tion, showing promise for effective scale-up. Si/CuSi electrodes 
reached usable areal capacities > 12× that of Si NWs on planar 
SS (denoted Si/SS), showing lower cell impedance. Further-
more, usable areal capacities of 3.1 mAh cm−2 can be achieved, 
returning a stable output of 2.2 mAh cm−2 after 300 cycles.
2. Results and Discussion
Dense Si NW growth (>1.6 mg cm−2) on Cu15Si4 NW substrates 
was achieved via a one-pot VSS-VLS technique as outlined in 
Figure 1a. Successive growth of a CuSi NW underlayer and a 
Si NW top layer was achieved by adapting previous synthetic 
procedures for CuSi NW growth,[22,23,31,32] and developing 
a new method of catalyst incorporation for VLS growth of Si 
NWs. CuSi NW growth is further detailed in Figure S2, Sup-
porting Information. First, CuSi NWs were grown via a VSS 
mechanism, involving the alloying of Si monomers (liberated 
from the decomposing PS vapor) with the Cu foil, first forming 
a continuous CuSi film, followed by a dense CuSi NW array 
(Figure 1b). Preliminary testing found that CuSi growth termi-
nated after 90 min, with no increase in mass for longer reaction 
times. Sn NPs in a squalane suspension were then introduced 
to the reaction vessel, depositing on the CuSi NW surface. 
Additional PS was added to the reaction for VLS growth. Sn 
NPs seeded Si NW growth from the CuSi surface, forming the 
Si NW top layer (Figure 1c). X-ray diffraction (XRD) of Si/CuSi 
confirmed the presence of crystalline Si and Sn along with 
Cu, Cu15Si4, and Cu0.87Si0.13 (Figure S3, Supporting Informa-
tion). As the CuSi layer is composed of a bulk CuSi film and 
a grass-like array of CuSi NWs, Si NW growth may nucleate 
from the bulk film (forming large Si NWs) or the CuSi NW 
Figure 1. a) Synthesis schematic for the one-pot VSS-VLS protocol used for dense Si NW growth on CuSi NW substrates. i) VSS growth of CuSi NWs 
is followed by ii) Sn NP deposition on CuSi, iii) seeding Si NWs via a VLS mechanism. b) 35° tilted SEM of the CuSi NW substrate, c) dense growth 
of NW “bushes” from CuSi microparticles, and d) dense branching of smaller NWs from a larger Si NW stem.
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stems (forming smaller Si branches, denoted Si@CuSiNW). 
As the VLS reaction proceeds, Sn behaves as a continuous cata-
lyst supply for secondary and even tertiary VLS growth of Si as 
NW branches, as evidenced by heavy branching of Si NWs with 
smaller Si NWs. Si NWs that form early in the VLS growth pro-
cess behave as exposed surfaces for Sn NP deposition, forming 
Si@SiNW “nano-tree” structures (Figure  1d). This Si@SiNW 
“nano-tree” growth is further illustrated in Figure S4, Sup-
porting Information. A high degree of polydispersity in the 
host Si NW diameter was observed, consistent with wide size 
distribution of the Sn NP catalyst. Scanning electron micros-
copy (SEM) analysis of the pristine Sn NPs revealed a large 
size distribution, explaining the propensity for polydisperse Si 
NW growth (Figure S5, Supporting Information). Interestingly, 
from Figure S6, Supporting Information, the tight size distri-
bution of resultant Si NW branches (7.8 ± 2.3  nm) was found 
to be significantly smaller than the smallest observed Sn NPs 
(d ≈ 39 nm), attributed to Sn wetting and migration along host 
wires. Dense multi-step growth of Si NW branches on both 
CuSi and Si NW stems is enabled by the continual supply of 
Sn to the growth site via wetting, followed by dewetting to form 
the seed. Hannon et  al. reported Au migration from the NW 
tip to the sidewalls via surface wetting and subsequent partial 
dewetting to form AuSi eutectic droplets.[78] For VLS growth 
of Si NWs, the dimensions of the liquid seed are limited by 
the width of the surface to which it adheres. Notably, larger Si 
host wires nucleate from the bulk CuSi film, whereas the NW 
branches with much smaller diameters grow from the narrow 
stems of the NWs (Figure S4, Supporting Information). NW 
branching from a host wire results in the branch diameter 
being smaller than the central NW stem.[1,23,79–83] Wetting of Si 
NWs is a well-documented phenomenon, promoting axial NW 
growth and behaving as an additional catalyst source after the 
main metal droplet is exhausted.[81,84,85] A similar phenomenon 
was noted in an analogous VLS system involving In-seeded Si 
NWs, with In seed migration along the Si NW stem promoting 
NW branching from the host wire with diameters notably 
smaller (≈30  nm) than the primary In seeds (≈200  nm).[23] 
Similarly, Shen et al. reported the formation of ultrathin (4 nm) 
In2O3 branched NW networks with NW branch diameters 
smaller than the Au seed (20 nm). The size of the Au droplets 
that seed NW branches was regulated by the width of the host 
NW.[83,86] Our system shows similarities with previous reported 
hyperbranched growth systems, whereby a continuous supply 
of a catalyst source to a growth site promotes multi-step for-
mation of hierarchical branch NW networks.[79,80,82,87,88] The 
introduction of Sn in excess prior to VLS growth supplies the 
reaction with a continuous catalyst supply for multi-step NW 
branching. Initial formation of Si NWs from the CuSi base is 
followed by secondary wetting of the NW stems, promoting Si 
NW branching from both Si and CuSi NWs. As evidenced in 
Figure S4, Supporting Information, some of these branches 
experience a further Sn deposition step, nucleating secondary 
branches in a tertiary Si growth process.
CuSi NWs and Si NWs behave as suitable surfaces for Si NW 
branching, forming Si@CuSiNW and Si@SiNW “nano-tree” 
structures, respectively (Figure 2). During the VLS step, CuSi 
NWs experience a heavy coating of Sn NPs (Figure S7, Sup-
porting Information), triggering the growth of Si NW branches 
from the CuSi NW stems, forming Si@CuSiNW (Figure 2a,b). 
Energy dispersive electron X-ray analysis (EDX) mapping of 
Si@CuSiNW confirmed the presence of a central Cu-rich/
Si-rich NW core, surrounded by Si (Figure  2c). Similarly, the 
Si@SiNW structure appeared as individual Si NW stems sur-
rounded by Si NW branches (Figure 2d,e). EDX mapping of Si@
SiNW confirmed the presence of a Si-rich core, surrounded by 
Si, with small quantities of Sn and Cu throughout (Figure 2f). 
The tendency for Sn NPs to wet/dewet the host NW sidewalls 
for secondary Si NW branch growth shows that Si growth not 
only exploits the high surface area of the CuSi substrate, but 
Figure 2. a) Low magnification TEM, b) high magnification TEM, and c) STEM/EDX mapping and of a CuSi NW with Si NW branches (Si@CuSiNW). 
d) Low magnification TEM, e) high magnification TEM, and f) STEM/EDX mapping of a Si NW with Si NW branches (Si@SiNW).
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also utilizes the textured area of the NW stems for branching, 
enabling high loadings. The loading contributions of both 
components are detailed in Figure S8, Supporting Information. 
HRTEM of Si@CuSiNW revealed corresponding d-spacings of 
≈0.62 and ≈0.28 nm of the CuSi NW core, in agreement with 
previous reports on Cu15Si4.[30,89] Additionally, HRTEM imaging 
of the Si@SiNW core confirmed Si with a lattice spacing of 
≈0.32 nm, in line with previous reports on crystalline Si (Figure S9, 
Supporting Information).[67,90] The population density of Si NW 
branches along host Si NWs was found to vary widely, with the 
ratio of host NWs to NW branches (hNW-bNW) dependent on 
both the length and diameter of Si NW stems. A simple quan-
titative approach using HRTEM images allowed for an approxi-
mation of the range of hNW-bNW values for a set of Si@SiNW 
and Si@CuSiNW branched structures. NW branch growth 
appears to be random, not uniaxially aligned to the host NW 
and the number of NW branches that seed from the host wire 
varied widely between host wires. Overall, the hNW-bNW ratio 
can vary anywhere between ≈1:150 and ≈1:1000.
The electrochemical performance of Si/CuSi (1.60 mg cm−2) 
was tested through galvanostatic cycling and contrasted with a 
planar Si NW on SS (Si/SS) anode (0.13 mg cm−2). Galvanostatic 
charge–discharge (GCD) profiles, ageing profiles, and differen-
tial capacity plots (DCPs) of Si/CuSi are characteristic for Si, 
as evidenced by similarities with Si/SS (Figure 3a–c). Capacity 
is composed almost entirely from reversible alloying reactions 
between Li and Si, along with minor alloying reactions with Sn 
(Figure S10, Supporting Information), and no foreign DCP peaks 
present. Corresponding CVs of Li||Si/CuSi versus Li||Si/SS are 
given in Figure S11, Supporting Information. Electrochemical 
cycling of blank CuSi substrates showed no capacity contribution 
from bulk Cu15Si4 or surface CuO layers (Figure S12, 
Supporting Information). For a C/5 rate, Si/CuSi delivers 
an areal capacity >  12× that of Si/SS, reaching 3 mAh cm−2, 
compared to 0.25 mAh cm−2 for Si/SS (Figure 3a). DCPs (5th 
cycle) of both cells reveal near identical redox behavior of 
Si/CuSi and Si/SS, with major lithiation peaks at 0.28–0.15  V 
and 0.15–0.01  V corresponding respectively to Si → LixSi and 
LixSi → Li15Si4. Further, broad delithiation peaks at 0.23–0.34 V 
and 0.4–0.53  V correspond to Li15Si4  → LixSi and LixSi → Si 
phase transitions, respectively (Figure 3b).[91–93] Notably, minor 
Sn peaks are apparent in the extended DCPs of Si/SS and 
Si/CuSi, indicative of additional capacity from the reversible 
alloying of the Sn seeds with Li. (Figure S10, Supporting Infor-
mation). Li||Si/CuSi was subjected to constant current cycling at 
C/20 for 5 cycles followed by 95 cycles at C/5 (Figure 3c). Con-
stant current (250 mA g−1) charge–discharge of a Li||SiNW HC 
allowed for determination of the experimental specific capacity. 
A C/5 rate represents a 5-hour charge/discharge rate based on 
an experimental specific capacity of 1800 mAh g−1 for Si NW 
anodes[27,94,95] (Figure S13, Supporting Information). From 
the 6th to the 100th cycle, Si/CuSi shows good capacity reten-
tion, with an initial capacity of 3.07 mAh cm−2 dropping to 
2.63 mAh cm−2 (85.6% capacity retention) after 100 cycles. 
High irreversible capacity loss from the 5th to the 6th cycle 
(4.02 to 3.16 mAh cm−2) is largely attributed to increased cur-
rent density (C/20 to C/5). Comparatively, Si/SS delivered an 
initial areal capacity of 0.23 mAh cm−2, retaining 91.3% capacity 
(0.21 mAh cm−2) after 100 cycles. Li||Si/CuSi exhibits high initial 
and average coulombic efficiencies (CEs) of 82.3% and 98.7%, 
Figure 3. Si/SS versus Si/CuSi in HCs (Li||Si/SS vs Li||Si/CuSi). a) GCD profiles, b) DCPs, c) C/5 capacity retention, and d) RCTs of Li||Si/SS (blue) 
versus Li||Si/CuSi (red). Cells were cycled between 0.01–1.0 V versus Li/Li+.
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respectively (Figure S14a, Supporting Information). Comparable 
values of 76.3% and 98.7% were noted for Li||Si/SS (Figure S14b, 
Supporting Information). Li||Si/CuSi demonstrated good rate 
performance and reversibility, reaching 0.8 mAh cm−2 at 6C 
(32% of C/10 capacity) with 98.4% capacity recovery when the 
C-rate was reduced back to C/10 after 35 cycles (Figure  3d). 
Comparatively, Si/SS reached 0.11 mAh cm−2 at 6C (42.1% 
of 0.1C capacity), recovering 98.2% at C/10. Overall, Si/CuSi 
exhibits similar capacity retention and rate performance to 
Si/SS, with no notable drop-off for elevated loadings. Issues of 
capacity loss and material delamination that typically accom-
pany thicker active layers[2,3] are not observed here. As a 
comparison, reported areal capacities for similar high loading 
nano-Si systems are reported in Table S2 and Figure S15, Sup-
porting Information. Nyquist plots taken after the fifth dis-
charge cycle showed a far lower cell impedance for Li||Si/CuSi 
(Rct = 83 Ω) cells over Li||Si/SS (Rct = 365 Ω) cells (Figure S16, 
Supporting Information), enabling good rate performance of 
Si/CuSi for high loadings.
Si/CuSi anodes with loadings of 0.65, 1.02, 1.31, and 
1.60 mg cm−2 were cycled at C/20 for 5 cycles, followed by C/5 
for 295 cycles (Figure 4). Capacity behavior trended as a function 
of active loading, with lower loadings exhibiting better capacity 
retention after 300 cycles (Figure  4a–d). The lowest loading 
anode (0.65  mg cm−2) delivered an initial areal capacity of 
1.33 mAh cm−2, retaining 71.43% after 300 cycles (0.95 mAh cm−2). 
Si/CuSi loadings of 1.02 and 1.31 mg cm−2 delivered respective 
areal capacities of 1.37 and 1.72 mAh cm−2 after 300 cycles with 
corresponding initial capacities of 2.32 and 2.70 mAh cm−2. 
The highest loading anode (1.60  mg cm−2) delivered an ini-
tial capacity of 3.07 mAh cm−2, returning 2.17 mAh cm−2 after 
300 cycles (70.03% retention). Interestingly, initial and average 
CEs values for the different loadings were comparable over this 
loading range, largely unaffected by increased loading. Typically, 
higher loadings consume more Li during initial SEI formation, 
causing a reduction in both initial and average CEs.[96,97] How-
ever, minimal changes in both initial and average CE values as 
the Si loading is increased from 0.65 to 1.60 mg cm−2 is some-
what uncommon, suggesting an ability to overcome CE scale-
up issues (Figure 4a–d). The stable capacity behavior of Li||Si/
CuSi is reflected by the stability of the differential capacity peak 
positions over 300 cycles, indicating no significant increases 
in internal cell resistance (Figure S17, Supporting Informa-
tion). The elemental composition of Si/CuSi as a function of 
Si loading is detailed in Figure S18, Supporting Information. 
Quantitative SEM-EDX approximated with Si:Sn weight ratio of 
the Si top layer (Table S3, Supporting Information) which helped 
determine the Cu:Si:Sn balance over the 0.65–1.60  mg cm−2  
loading range (Table S4, Supporting Information). DCPs of Si/
CuSi with loadings of 0.65 (red), 1.02 (blue), 1.31 (purple), and 
1.60  mg cm−2 (orange) for the 2nd (Figure S19a, Supporting 
Information) and 100th cycles (Figure S19b, Supporting Infor-
mation) suggest that increasing the Si loading does not nega-
tively impact Si redox activity. The position of the Si redox peaks 
are equivalent over this loading range and differ only in peak 
intensity, increasing proportionally with increased loading.
Rate capability testing (RCT) of Li||Si/CuSi cells tracked 
rate behavior as a function of loading (Figure 5). Lower 
loading Si/CuSi exhibited a less pronounced capacity drop 
at high rates, with 0.98 and 1.37  mg cm−2 returning 43.5% 
and 26.3% of C/10 capacity when charged/discharged at 5C. 
Si/CuSi of different loadings tend to the same high-rate capacity 
(0.75–0.9 mAh cm−2), with lower loadings delivering slightly 
higher capacities (Figure  5a). Corresponding GCD profiles of 
Li||Si/CuSi (1.37 mg cm−2) at different C-rates are largely stable, 
with noticeable voltage polarization occurring at 3C and above 
Figure 4. Long-term charge–discharge ageing and corresponding CE of Li||Si/CuSi for Si loadings of a) 0.65 mg cm−2, b) 1.02 mg cm−2, c) 1.31 mg cm−2, 
and d) 1.60 mg cm−2.
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(Figure  5b). When returning the C-rate to C/10, Li||Si/CuSi 
regains its GCD profile definition with no changes in posi-
tions of capacity plateaus, indicative of good reversibility of 
the cell. Minimal changes in cell potential (ΔVmidpoint = 0.007 V 
from 1st to 40th cycle) for Li||Si/CuSi (1.37 mg cm−2) suggests 
no significant electrode polarization increases over RCT cycle 
life. To analyze the relationship between specific capacity, areal 
capacity, and Si loading, Si/CuSi anodes (seven in total) with 
loadings ranging from 0.59–1.98  mg cm−2 were cycled at C/5 
(Figure S19, Supporting Information). Based on the 5th dis-
charge cycle, an inverse proportionality was noted between 
areal and specific capacities as the anode loading was increased 
(Figure S19a,b, Supporting Information). Increased loadings 
were found to increase the available areal capacity at the cost of 
a reduced specific capacity (1765 mAh g−1 @ 0.59 mg cm−2  vs 
1617 mAh g−1 @ 1.98  mg cm−2), attributed to thicker active 
layers, requiring lower C-rates to match the specific capacity of 
lower loading anodes (Figure S19c, Supporting Information).[98] 
RCTs expressed as specific capacity saw a slight reduction in 
capacity as loading was increased (Figure S19d, Supporting 
Information). At 0.98 mg cm−2, Li||Si/CuSi reached 2040 mAh g−1 
at C/10, compared to 1901 mAh g−1 at 1.37  mg cm−2. At 5C, 
Si/CuSi at 0.98 mg cm−2 returned 902 mAh g−1 at 5C, compared 
to 455 mAh g−1 for 1.37  mg cm−2. At low current densities, 
Si/CuSi anodes of differing loadings behaved similarly. How-
ever, at high current rates, the increased layer thickness and 
longer bulk to surface diffusion lengths of higher loading 
anodes saw a drop in specific capacity.
Table S2, Supporting Information, compares this work to 
similar high loading nano-Si systems in terms of synthetic 
procedure, achievable Si loading, corresponding areal capacity 
and electrode thickness. Direct growth of Si NWs on a 3D tex-
tured CuSi NW structure has advantages over conventional 
slurry-based Si systems,[99–103] improving contact with the 
current collector and eliminating dead weight from inactive 
binders/additives. Notably, our work differs from other previ-
ously reported binder-free Si growth procedures,[30,58,104–106] as 
there is no requisite for a catalyst pre-treatment step, that is, 
solvent evaporation, electrodeposition, thermal evaporation. 
Additionally, no post-synthetic Si coating or deposition tech-
niques are employed to achieve these high loadings, unlike 
similar studies.[31,72] Achieving successive growth of CuSi 
NWs and Si NWs within a single reaction offers significant 
improvements in cost and time over analogous multi-step pro-
cesses.[30,58,72,74,100,104–106] Also, intermediate growth of CuSi on 
Cu as a nanotextured surface for Si NW growth circumvents the 
requisite for excessively high temperatures (>550 °C) that have 
previously been reported for direct growth of Si on Cu.[73,107]
The thickness of Si/CuSi (Si loading = 1.29  mg cm−2) was 
analyzed through cross-sectional SEM (Figure S21, Supporting 
Information). Overall, Si/CuSi growth on Cu foil increased 
substrate thickness from 87 to 132 µm, with CuSi and Si layers 
accounting for ≈20.5% and 13.5% of total thickness, respectively. 
As such, 66% of Si/CuSi thickness is comprised of the inactive 
Cu foil. Minimizing inactive Cu weight while also maintaining 
the integrity of the Cu substrate during the high temperature 
growth process could further elevate the commercial utility of 
Si/CuSi. Notably, Si/CuSi shows favorable improvements in 
electrode thickness over similar directly grown Si electrodes on 
Cu substrates,[72,73,105] as outlined in Table S2, Supporting Infor-
mation. However, further refinements in Cu weight are needed 
to compete with the lightweight Cu foils (5–15  µm) used in 
slurry-based electrodes.[99–103]
The stable capacity behavior observed for Si/CuSi coincided 
with the formation of a robust interconnected framework of 
nanometer-sized Si ligaments, capable of overcoming stress-
induced fracturing of the SEI layer upon repeated expansion 
and contraction of the active material.[1,2,62,68,108–110] SEM of 
Si/CuSi (1.24  mg cm−2) after 5 and 50 cycles (Figure 6a,b) 
allowed the evolution of the crystalline Si NWs to an amor-
phous Si mesh to be tracked. After 5 cycles, the wire-like mor-
phology is still apparent with slight texturing and fusion of 
adjacent NWs (Figure 6a). After 50 cycles, the NWs have com-
pletely converted to discrete Si islands (Figure 6b). XRD anal-
ysis of the amorphization of crystalline Si NWs is presented in 
Figure S3, Supporting Information. The excellent long-term 
stability of Li||Si/CuSi is attributed to the robust adhesion 
of the Si mesh to the underlying CuSi NW framework after 
300 cycles (Figure 6c), forming a thick active layer on the CuSi 
surface (Figure  6d). The CuSi NW framework behaves as a 
Figure 5. a) Areal capacity of Li||Si/CuSi for different Si loadings 
(0.98–1.37 mg cm−2). b) Effect of C-rate on both areal capacity (0.1–5C) 
and GCD profile for Li||Si/CuSi 1.37 mg cm−2.
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robust support during cycling, unaffected by long-term electro-
chemical cycling and anchoring the porous Si mesh layer to the 
underlying current collector. Transmission electron microscopy 
(TEM) revealed the highly interwoven nature of cross-linked 
NW ligaments (Figure 6e–g). EDX mapping of the Si material 
after 50 cycles confirms the presence of elemental Si with small 
quantities of Sn and Cu throughout the structure (Figure 6e). 
This is indicative of partial fracturing of the underlying CuSi NW 
and incorporation into the active layer as the battery cycles, in 
agreement with previous reports.[63] The stable capacity behavior 
from the 50th cycle onward coincides with the restructuring 
of the NW morphology to form a porous network of nano-Si liga-
ments, capable of withstanding large volume fluctuations during 
cycling (Figure  6f,g). This agrees with previous works that have 
suggested that the formation of this interwoven architecture 
is due to a combination of pore formation and electrochemical 
welding over successive cycles.[31,108,109,111–113] The Si mesh layer 
demonstrates excellent adhesion to the underlying 3D CuSi NW 
framework. The Si mesh remains well anchored to both the bulk 
CuSi film and individual CuSi NWs after 300 cycles, with this 
behavior reflected by the electrochemical stability of Si/CuSi of 
different Si loadings (Figure 4). Additionally, the short CuSi NWs 
Figure 6. Post-mortem a–d) SEM and e–g) TEM of Si NW mesh formation. SEM images of Si/CuSi anodes a) after 5 cycles, b) 50 cycles, and c) 35° 
titled SEM and d) cross-sectional SEM after 300 cycles at C/5. e) EDX mapping of Si NW mesh and f,g) TEM imaging of mesh formation after 50 cycles.
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behave as a conductive scaffold for Si, showing lower cell imped-
ance than conventional Si NWs grown on planar SS (Figure S16, 
Supporting Information). Active material delamination that typi-
cally accompanies high Si loading slurries is not observed here, 
bolstered by the robust contact formed with the underlying CuSi. 
Supplementary TEM images of the post-cycled morphology are 
given in Figure S22, Supporting Information.
3. Conclusion
We have shown that the utilization of a 3D Cu15Si4 NW frame-
work as a substrate for dense Si NW growth enables areal 
capacities >4 mAh cm−2, delivering a stable 2.2 mAh cm−2 after 
300 cycles. Si/CuSi can also deliver useful rate performance, 
reaching 0.8 mAh cm−2 at 6C. A combination of CuSi NW tex-
turing and secondary Si NW branch growth permitted Si load-
ings >1.6  mg cm−2, pushing the achievable loading far beyond 
planar substrates. The formation of a thick, robust, and flexible 
Si NW mesh on the CuSi NW surface aided long-term stability, 
with the amorphous framework remaining well adhered to the 
substrate after 300 cycles. Increased Si loadings saw minimal 
changes to both initial and average CE values, with slight drops in 
rate performance and long-term capacity retention. Overall, this 
one-pot synthetic approach for high loading Si NW anodes shows 
promise for scale-up, demonstrating notable improvements over 
analogous multi-step bottom-up processes and overcoming elec-
trochemical issues associated with Si loading increases.
4. Experimental Section
Sample Preparation: High loading Si NWs were synthesized through 
a one-pot solvent vapor growth reaction whereby CuSi NW substrates 
were grown through a preliminary VSS mechanism, behaving as a 
textured surface for dense Si NW growth via VLS (Figure 1a). Squalane 
acted as a medium for diffusion of the decomposing silane vapor, 
aiding surface adsorption, nucleation, and growth. Circular copper discs 
(0.64 cm−2) with a thickness of 0.1 mm (99.98% purity purchased from 
Sigma Aldrich) were punched out and used as the substrate for Si/CuSi 
growth. No further treatment of the Cu substrates was required prior 
to the reaction. The specific method of CuSi NW growth is based on 
the well-documented high boiling point solvent VSS procedure reported 
previously.[22,23,31,32] Preliminary analysis of CuSi NW growth behavior 
(without the presence of Sn required for Si NW growth) found that CuSi 
growth terminated after 90  min, with negligible mass increase beyond 
this point. This inactive CuSi NW mass was used as a mass baseline, 
with the active weight of the Si NW top layer (upon inclusion of Sn within 
the reaction) determined and verified through constant current cycling. 
Cu substrates were placed in custom-made SS holders, standing upright 
along the neck of the flask. Squalane (7 mL) was added to the flask. A 
water condenser was attached to the round bottom flask and sealed 
at the top using a septum cap. The system was placed under vacuum 
at 40 mTorr for 45 min at 125 °C to remove any residual moisture. The 
system was filled with Ar gas and the flask was heated to 460  °C. The 
water condenser cooled the boiling squalane mixture, establishing reflux 
conditions. The temperature was allowed to equilibrate before 0.25 mL 
of phenylsilane (PS) was injected in through the septum cap. The high 
temperature triggers the decomposition of PS, liberating silane gas,[114–122] 
which promotes the nucleation and growth of CuSi NWs. After sufficient 
time was given for CuSi NW growth (90 min), a suspension of Sn NPs 
in squalane (25 mg in 1 mL) was injected through the top of the septum 
cap. Sn nanopowder purchased from Sigma Aldrich (>99% purity, 
d ≈ 150 nm) was used as the catalyst for Si NW growth. Sufficient time 
(30 min) was given to allow for Sn seed formation onto the CuSi surface, 
followed by an additional PS injection (0.5 mL) to nucleate Si NWs. The 
reaction proceeded for 1 h, after which the flask was cooled under argon 
and the substrates were removed from the flask. Prior to cell assembly, 
the substrates were washed thoroughly with toluene and deionized 
water before being dried under a N2 line.
Cell Assembly and Electrochemical Analysis: Li||SiNW half-cells (HCs) 
were assembled using CR2032 coin cells in an Ar-filled glovebox. Lithium 
chips (1.76 cm2) were purchased from MTI Corporation and used as the 
HC counter electrode. The electrodes were separated from each other 
using a porous polypropylene Celgard separator paper. A 1 m LiPF6 in 
EC-DEC (50:50 v/v) + 3 wt% vinylene carbonate electrolyte (purchased 
from Sigma Aldrich) was used throughout testing. Using a BioLogic BCS-
805 multichannel potentiostat, the electrochemical performances of Li||Si 
HCs were analyzed through galvanostatic cycling and cyclic voltammetry 
(CV) within a 0.01–1.0 V versus Li/Li+ potential window. CV curves were 
obtained using a sweep rate of 0.05 mV s−1. Electrochemical impedance 
spectroscopy (EIS) was carried out on the cells. Prior to analysis, 
cells were fully discharged to 1.0  V (vs Li/Li+), followed by open circuit 
relaxation to remove DC bias and potential drift. Nyquist plots of the EIS 
spectra were then recorded between 20 mHz and 100  kHz, with a peak 
amplitude of 10 mV. Using the Zfit function of the Biologic BT-Lab V1.65 
software, equivalent circuit models were then fitted to the EIS data.
Ex Situ Characterization: Pristine and post-cycled Si NW morphologies 
were imaged using SEM on a Hitachi SU-70 system with accelerating 
voltage of 5–20  kV. Prior to imaging, cells were disassembled under 
argon and Si anodes were immersed in acetonitrile overnight followed 
by successive washings in 0.1  mm acetic acid, deionized water, and 
ethanol. This removes the SEI layer on the anode surface along with any 
residual lithium content and any lingering electrolyte material.[61] TEM 
and EDX were performed on the 200kV  JEOL JEM-2011F field-emission 
microscope. Si NWs and CuSi NWs were removed from the surface via 
sonication in 2-propanol and dropcast onto a lacey nickel TEM grid. 
XRD was carried out on a PANalytical X'Pert PRO MRD with a radiation 
source consisting of Cu Kα (λ = 1.5418 Å) and an X'celerator detector.
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